Graphene exhibits unique material properties and in electromagnetic wave technology, it raises the prospect of devices miniaturized down to the atomic length scale. Here we study split-ring resonator metamaterials made from graphene and we compare them to gold-based metamaterials.
I. INTRODUCTION
Since the emergence of graphene 1,2 through exfoliation of graphite, it has been shown to exhibit many unique mechanical, thermal, electric and magnetic properties, turning graphene into a prosperous research field. [3] [4] [5] [6] Metamaterials-artificial materials designed towards wave manipulation at the subwavelength scale 7 -have benefited both academia and industry, providing many interesting and valuable possibilities, [8] [9] [10] [11] [12] [13] such as superresolution imaging, 14, 15 cloaking, 16 energy harvesting , 17, 18 sensing, 19 and terahertz (THz) wave manipulation. 20 Some efforts have been made to take advantage of graphene in the design of metamaterial structures and devices, leading to some initial promising achievements. [21] [22] [23] [24] [25] [26] [27] Comparing to the optical frequency band, the THz domain may provide an attractive platform for graphene to achieve desirable applications in the scope of metamaterials. 28, 29 In this article, we compare the performance of metamaterials made out of patterned sheets of graphene versus gold. In this way, we can investigate whether graphene has superior properties over gold to create deep sub-wavelength and strong electromagnetic resonances. In addition, we present a THz device in which the tunable electrical properties of graphene provide unprecedented tunability of a metamaterial resonance, which is very interesting for THz modulation.
II. DATA OF GRAPHENE AND GOLD
In view of the importance of using accurate experimental data to describe the electric response of graphene, 29 we briefly review the data we have used in this study to assess the performance of graphene-based materials and devices. In the terahertz band, the linear response of graphene can be well described by a Drude model through the following dynamic sheet conductivity:
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where α is the Drude weight with unit of Ω −1 s −1 , γ represents the collision frequency, which is related to scattering time τ by γ = 1/τ , and ω = 2πf is the angular frequency. A more natural and intuitive way to understand and predict the electromagnetic properties of a conductor is by considering the surface impedance Z s = 1/σ s :
in which the real part (the sheet resistance) is a measure of dissipative loss, whereas the imaginary part (the sheet reactance) characterizes the kinetic inductance L k = 1/α.
A widely adopted theoretical data set for the dynamic conductivity of graphene 31 has (α, γ) = (5. . In our analysis of THz graphene metamaterials, we will apply these three data sets of graphene to compare their performance to gold-based metamaterials.
For the gold-based metamaterials, we adopt the commonly used experimental data from
Ordal et al., 34 which are well described at terahertz frequencies by the following Drude model for the bulk conductivity:
where ω = 2πf is the angular frequency, ω p = 2πf p represents the plasma frequency with f p = 2184 THz, and γ = 40.5 × 10 12 s −1 , corresponding to an effective scattering time τ ≈ 24.7 fs. Even though we will use the bulk conductivity of gold in our simulations, it is worthwhile to calculate the equivalent complex sheet conductivity of a gold film, since it provides a straightforward and intuitive estimate of the properties of gold compared to the above mentioned graphene data. For a d =30 nm-thick film of gold, we get the equivalent sheet conductivity parameters α = 0 ω The inset in (a) illustrates the honeycomb lattice of graphene.
smaller than that in graphene. We also take note of earlier work that considered metamaterials made out of a patterned one-atom-thick gold film 31 , and some related discussions can be found in the Supplementary Note I.
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Having discussed the material response of graphene and gold, we now start our detailed comparison of graphene-and gold-based metamaterials in the THz range. The split-ring resonator (SRR), a prototype metamaterial element with strong magnetic response, has been intensively studied and played an important role in the metamaterials field because of its potential negative permeability. Here we consider SRR metamaterials under two different directions of illumination, i.e., normal-and parallel-incidence with respect to the rings. For the following numerical studies, we adopt the commercial electromagnetic software package,
i.e., CST Microwave Studio, with which, the single-unit-cell-based simulations are performed by applying the periodic boundary conditions settings. The field monitors are set to obtain the electric, magnetic and current distributions at feature frequencies when necessary. 
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III. GRAPHENE AND GOLD SRRS UNDER NORMAL INCIDENCE
We first investigate SRRs with normally incident illumination. cases is that the magnetic dipole mode, occurring at around 3 THz, is deeply subwavelength, with a λ/a ratio as high as 50, and even for the electric dipole mode at higher frequency, λ/a still reaches a value of about 19. This finds its origin in the huge kinetic inductance of graphene, which dominates over the geometric inductance in the setup under consideration. This is very interesting for the construction of metamaterials, because it allows to work deep in the effective-medium limit and to avoid periodicity artifacts.
For gold SRRs under normal incidence as illustrated in Fig. 1(c) , the kinetic inductance (1/α) is much smaller compared to graphene, and it is usually the geometric inductance that dominates. Thus, it is expected that both the magnetic and the electric dipole modes would occur at much higher frequencies if the in-plane dimension were left unaltered. Since the resonance frequency can be estimated by 1
, where L g is the geometric inductance and C the capacitance, there are two different strategies to achieve the same resonance frequencies as in the graphene case discussed above: the first is to increase the capacitance dramatically so as to compensate the significant difference in kinetic inductance between gold and graphene. This would, however, require a tiny ring gap that would most likely be unachievable in an experiment. The second way is to increase the dimension of the SRRs in order to achieve a much larger magnetic inductance. This is experimentally easier to achieve, but it sacrifices the deep subwavelength dimensions of the metamaterial unit. Here we take the second strategy and the results shown in Figs 
IV. GRAPHENE AND GOLD SRRS UNDER PARALLEL INCIDENCE
Subsequently, we consider graphene-based and gold-based SRRs under parallel incidence, To increase the strength of the magnetic resonance to some extent, we adopt larger SRRs with diameter D = 5 µm, lattice constant a = 6 µm, ring width w = 500 nm and gap size g = 500 nm for both the graphene and gold cases.
The increased area of the graphene SRR results in a stronger induced electromotive force and, hence, in a larger magnetic moment and stronger resonances. Indeed, the non-planar configuration (under parallel incidence), provides a fairer comparison between graphene and gold SRRs, since this geometry allows having both types of SRRs with approximately the same dimensions, so that the coupling strength to the magnetic dipole mode, which is proportional to the area of the SRR, is also approximately the same for both. In Fig. 3 , we plot the magnetic response for several separation distances between the rings (a x varying from 100 nm down to 30 nm), which is the physical limit for the gold case, i.e., the separated gold SRRs become "split tubes" when a x decreases to 30 nm [see decreasing from 100 to 30 nm. We find that, due to the densely packed SRRs along the direction of magnetic field (x axis), the geometric inductance is dramatically increased and dominates over the kinetic inductance. Therefore, the geometric inductance and distributed capacitance of the SRRs determine the frequency of the magnetic resonance. This is confirmed by the inset of Fig. 3(e) , which shows the relation between the resonance frequency and the ring separation a x for gold SRRs. The low dissipative loss in gold helps gold SRRs to exhibit superior performance in resonance strength over the graphene SRRs. However, for the parallel-incidence configuration, we can pack the graphene SRRs even denser, which may lead to further stronger magnetic resonance. Figures 4(a) and (b) show the absorption spectrum and retrieved effective permeability for a x being 20 nm and 10 nm together with the case for 30 nm from Fig. 3 as a reference. As expected, the strength of the magnetic resonance keeps increasing with decreased a x , and for a x = 10 nm a negative effective permeability can be achieved. Further decreasing the separation between neighbouring graphene SRRs below 10 nm would make the magnetic resonance even stronger, but it would also severely challenge the fabrication. In Supplementary Note II, 35 we present the absorption spectra and retrieved effective µ for SRRs made from several previously listed graphene samples with a x = 10 nm, so from the results, we can see how α and γ of graphene determines the performance of SRRs under parallel incidence.
V. PROTOTYPE DESIGN OF GRAPHENE TERAHERTZ MODULATOR
So far, we have performed a number of comparisons between graphene and gold SRR metamaterials for both normal-and parallel-incidence geometries (some brief discussions about comparison between graphene and gold cut-wire metamaterials are shown in Supplementary Note III 35 ). We revealed that the huge kinetic inductance of graphene allows to achieve resonant response in the deep sub-wavelength limit under normal incidence when the kinetic inductance dominates. However, the high dissipative loss of state-of-the-art 40 Here, we propose a prototype design of THz switch based on a metamaterial with a multi-layer stack of patterned graphene [shown in Fig. 5(a) for a two-layer configuration], the modulation effect of which will be shown purely due to the resonant property of graphene metamaterial itself. Instead of SRRs, we now pattern graphene films into"cut-wire" constituents, which possess an electric dipole resonance with even better response.
The length of the cut wires is 5.5 µm and their width is 2. shown that, for the hole doping regime, γ value is more or less constant independent of gate voltage, but at the electron doping side, γ increases approximately by 1/2 at highest doping level comparing to that at around charge-neutral point (lightly doping). Therefore, we take the data set of (α, γ) = (1.9 × 10 10 Ω −1 s −1 , 9.8 × 10 12 s −1 ) for the unbiased graphene in our study, and for the highest electron doping level, graphene is modeled with (α, γ) = (7.6 × 10 10 Ω −1 s −1 , 14.7 × 10 12 s −1 ). The simulations show that, the tuning efficiency of a 2-layer stack reaches about 62% and for a device of 6-layer graphene stack with only 100 nm thick, it can modulate over 75%.
VI. CONCLUSIONS
In conclusion, we have compared the performance of graphene and gold when used in the 
